were conducted by heating a cheese sample (22 mm diameter and 17.5 mm height) at 40, 50 and 60 C in an aluminum cup whose inner diameter and depth were 22 mm and 17.5 mm, respectively. A plunger of 18 mm diameter, which was attached to an Instron type machine, was allowed to compress the cheese instantaneously to 10% deformation. The relaxation of stress was recorded as a function of time. Cheddar cheeses with four different fat content (15.3, 22.8, 37.3 and 45.6% fat dry matter 7 FDM) and two different moisture content (58.1 and 62.4% moisture in non fat portion7MNFP) at 2, 4, 12 and 24 weeks were used in this study. Generalized Maxwell and empirical Peleg models were used to characterize the stress relaxation behavior of melted cheese. The effect of fat content, moisture content, and age of cheese on stress relaxation behavior was studied. Peleg model well described the stress relaxation behavior of melted cheese (cheeses above 50 C) and eight element Maxwell model predicted better than three element Maxwell and six element Maxwell models. The stress relaxation experiment differentiated the viscoelastic nature of different cheeses due to reduction of fat content, increase in moisture, increase in melting temperature and age of cheese. Stress relaxation test can be used as a tool to systematically study cheese functionality. *Corresponding
INTRODUCTION
Use of cheese as an ingredient in prepared foods is increasing. Cheese plays an increasingly important role in adding taste, texture and nutritional qualities to several prepared foods. Recent survey showed that 421 new cheeses were introduced in 1996, up 70% from 1995 [1] . The world cheese production increased by 9% between 1987 and 1996 with production in North America increasing by 25%. Concomitant with this is an increased need for characterizing the behavior of cheeses at elevated temperatures. Functional properties of cheese, namely softening, melting and flowing, and viscoelasticity are extremely important of successful use of cheese as a food ingredient.
Large deformation studies include stress relaxation and creep tests to access structural behavior. Researchers used the stress relaxation test to characterize the rheological properties of cheeses [275] . Lu and Puri [6] characterized the relaxation behavior of apple flesh using confined uniaxial stress relaxation test, by making the lateral deformation of the specimen to zero. This methodology can be used to evaluate stress relaxation behavior of melted cheese.
Yun et al. [7] showed that hypothetical equilibrium stress in the stressrelaxation test was higher at a draw pH of 6.40 than 6.10 and also decreased with storage, suggesting cleavage of structural cross-links caused by the coagulant. Korolczuk [3] evaluated the stress relaxation data's of Cheddar cheese using four different models and showed that Avrami's equation is a best fit for Cheddar cheese with a coefficient of variability of 1%.
The primary objectives of this study were to provide a better understanding the functionality of cheese as a function of cheese composition, maturation and temperature; and to understand the interactions between different processing parameters. Studying the effect of temperature on the functional properties of cheeses is not only of practical importance, but also of intrinsic scientific importance. Investigating the rheological and functional properties of the cheeses could help in predicting cheese behavior in many food applications.
The specific objectives of this study were to:
1. characterize the stress relaxation behavior of melted cheese using a mechanical model (Generalized Maxwell) and an empirical model (Peleg model), 2. study the effect of fat content, moisture content, cheese melting temperature, and age of cheese on the stress relaxation behavior.
MATERIALS AND METHODS

Chemical Analysis of Cheese
Fat content was determined using the Modified Mojonnier Ether Extraction Method as described in the Association of Official Analytical Chemists [8] . Protein concentration was determined by the Kjeldahl method, as described in the Association of Official Analytical Chemists [8] . Moisture content of the cheese was determined with a moisture balance (Model MB200; Ohaus Corp., Florham Park, NJ) as described by Crosser and Mistry [9] . Ash was determined by heating in a muffle furnace at 535 C as outlined by Association of Official Analytical Chemists [8] . Soluble protein was measured by the Kjeldahl method [10] . The salt content [11] of the cheese was determined using a sodium electrode attached to an ion analyzer (Model 150, Corning Medical, Medfield, MA).
Sample Preparation
Cheese blocks were cut into cylindrical sample of 22 mm diameter using a cork-borer and 17.5 mm height using a knife. The cheese samples were put into plastic bags and placed in the refrigerator (476 C) for about 30 min before testing in order to avoid loss of moisture before testing.
The apparatus consists of an aluminum body with a well at the top center whose diameter and depth were 22 and 17.5 mm, respectively. This aluminum body was attached to a heater and a temperature controller unit (CN 44000, Omega Engineering, Inc., Stanford, CT) to control the heater. A plunger with 18 mm diameter was attached to the sensor of Sintech machine (2=D-40 00 =min, MTS System Corp., Research Triangle park, NC) to monitor the stress relaxation of the cheese. A personal computer and software (Testwork Version 3.10, MTS System Corp., Eden Prairie, MN) were used for data collection and analysis.
Stress Relaxation Experiment
Tests were performed by placing the cheese specimen ($22 mm dia and 17.5 mm thick) into the sample well. The temperature of the aluminum body was set before the specimen was placed. The cheese sample was covered with aluminum foil in order to prevent loss of moisture during heating. Temperature of cheese in the sample well was monitored using a thermocouple inserted into the specimen. The time of heating the sample varied for different
cheeses. For high fat cheese, the heating time was about 10 min to reach the test temperature where as for low fat cheese it was about 15 min. Once the sample attained the test temperature, the aluminum cover was removed from the top of the cheese and cheese was cut with the knife to the surface of the aluminum body so that any projection over cheese if present was removed. Then, the plunger of the testing machine was allowed to touch above the surface of the cheese so that the stress applied was zero. The plunger was set to motion and the sample was compressed instantaneously to 10% deformation whereupon the crosshead was stopped and the sample was held in its compressed position such that the strain of 10% was constant throughout the duration of the experiment. The lateral stress developed by the heated cheese due to compression was confined within the boundary of the aluminum body and this tests were similar to those conducted by Lu and Puri [6] .
Based on the preliminary results, three different temperatures 40 C, 50 C and 60 C were chosen to study the stress relaxation effect on the meltability of cheeses.
Tests were carried out on cheese samples at 2, 4, 12, and 24 weeks after production of cheese.
Data Analysis
The stress relaxation was recorded as a function of time. The stress is converted into modulus of elasticity by dividing it by constant strain. To observe the time effect on the mechanical properties of a material, three element Maxwell model and empirical Peleg model were used. Three element Maxwell model consist of a Maxwell body connected in parallel with a spring, and equation is represented by,
where EðtÞ is the modulus of elasticity for the entire three-element body at any time t; E 1 is the modulus of elasticity of the first element of the Maxwell body, E 2 is the modulus of elasticity of second element in this case a spring, and t is the relaxation time of the Maxwell element of the body. The relaxation time is the time required for the stress on the Maxwell body to decay to a valve that is 37% of the total stress of that body. The coefficient of viscosity for the Maxwell body was determined using
The Peleg model used in the study, whose time dependent elastic modulus can be represented as [3, 4, 12] :
where SðtÞ is the modulus of elasticity for the entire Peleg model at any time t; S i is the initial modulus of elasticity, S e is the equilibrium modulus of elasticity at infinite time, B ¼ time necessary for (S l À S i Þ=ðS i À S e ) to become equal to 0.5.
In general, stress-relaxation model is composed of one or more Maxwell bodies (2) arranged in parallel. Six element and eight element Maxwell model were analyzed using a non-linear regression by a statistical software [13] . The following equation represents six-element Maxwell model:
where EðtÞ is the modulus of elasticity for the entire three-element body at any time t; E 1 ; E 2 , and E 3 are the elastic modulus of springs; t 1 ¼ 1; t 2 ¼ 10 and t 1 ¼ 100 are the relaxation times.
The following equation represents an eight-element model:
where EðtÞ is the modulus of elasticity for the entire three-element body at any time t; E 1 ; E 2 ; E 3 and E 4 are the elastic modulus of springs;
Statistical Analysis
Mean square values of viscoelastic parameters of stress relaxation tests were determined using the General Linear Model procedure on the SAS Statistical software package (Version 6.12, SAS Institute, Inc., Cary, NC). An interaction is described to be significant only when p < 0.05. The data was analyzed by factorial analysis of variance to examine the effects of interactions of fat, heating temperature, aging of Cheddar cheese; of moisture content, heating temperature, and aging of Cheddar cheese.
RESULTS AND DISCUSSION
Cheese Composition
Mean values of the composition analysis of four different fat Cheddar cheeses are shown in Table I . The moisture, salt and protein content of cheese increased with decreased fat content. It is very difficult to study the individual factors such as fat and moisture level on the physical properties of cheese, since changes in one automatically change the values of the other components. The moisture in non-fat portion (MNFP) remains almost same for different fat content cheeses, where as the fat in dry matter (FDM) tends to decrease as fat content decreased. This MNFP and FDM variation for different cheeses is termed as effect of reduction in fat content of cheese. When these factors on their own have an opposite effect on cheese physical properties the combined influence may lead to conflicting results. Mean values of Cheddar cheeses with different moisture contents are shown in Table I . The MNFP increased as moisture content increased but FDM remained the same. This MNFP and FDM variation for different cheese is termed as effect of increase in moisture content of cheese. However, the salt, protein and pH of cheese decreased with increased moisture content.
Solubility Test
The percentage of soluble protein during aging of four different fat Cheddar cheeses is shown in Figure 1 . The percentage of soluble protein formed increased with increased aging and varied for different fat Cheddar cheeses. The increase for low fat cheese was higher compared to high fat cheese. The percentage of soluble protein during aging for two moisture level Cheddar cheeses is shown in Figure 2 . The soluble protein formed for these two cheeses during aging were similar.
Model Fitting
Changes in elastic modulus of 45.6% FDM Cheddar cheese with time at 40 C is shown in Figure 3 . Peleg model predicted the experimental data better than three element Maxwell model. The correlation coefficient g of three element model varied from 0.81 to 0.85 for cheeses at 40 C where as at 60 C the g value varied from 0.91 to 0.95. Peleg model showed g varying from 0.92 to 0.96 at 40 C where as at 50 C and 60 C, g > 0.98 were observed. These results indicated that the Peleg model is more appropriate for cheese that is more viscoelastic liquid in nature at 50 and 60 C rather than viscoelastic solid at 40 C. Comparing the experimental stress relaxation curves and the theoretical stress relaxation curves of the proposed models (Figures 3 and 4) , an eight-element model can be regarded as the appropriate model for characterizing the Cheddar cheese. Since bonds do not break and reform at the same rate [14] , biological materials typically have more than one relaxation time [15] . Thus a three-element Maxwell model or a Peleg model cannot represent the viscoelastic behavior of such material, but Peleg model may be more appropriate for material, which is more viscoelastic liquid in nature (cheeses above 50 C).
Effect of Fat
Modulus of elasticity is defined as amount of stress required to deform a substance per unit strain. Thus the cheese sample with higher modulus of elasticity indicates that cheese became harder with increasing fat content ( Figure 5 ). Initial modulus of elasticity or stress (S 1 , Peleg model) which may be related to the strength of cheese, increased with decrease in fat content of Cheddar cheese (Table II) . Thus cheese with low fat content showed higher S 1 value. The value of B was not significantly different with different fat content of cheese. This indicated that the time taken by any cheese samples to dissipate the stress to a value of 50% of the initial amount of stress remains same. The residual elastic modulus (S 2 ) can be considered as a factor that determines the viscoelastic nature of the substance. Higher the value of S 2 means the material behaves more like viscoelastic solid in nature. For example, 15.3% FDM Cheddar cheese at 40 C (Table II) has S 2 of 1193.1 kPa where as for high fat cheese (45.6% FDM) the value of S 2 was 43.8 kPa indicating that former was more viscoelastic solid in nature than that of later. We can note that as value of S 2 increased, the mean correlation coefficient g for the model obtained decreased (for example low fat cheese that has high S 2 at 40 C has g ¼ 0.92 where as for high fat cheese that has low S 2 at 40 C has g ¼ 0.96 and at 60 C has g ¼ 0.99). This indicates that the residual factor S 2 alone cannot determine the viscoelastic nature of cheese but we may need to consider the time duration of the experiment. At infinite time, the value of S 2 may attain zero but it doesn't means that the material is viscoelastic liquid in nature. Value of both B and S 2 together can characterize the viscoelastic nature of material.
The calculated parameter of the eight-element Maxwell model may represent functional variability of the cheese, since the parameters obtained refers to the same fixed relaxation times and its parameter are function of time, temperature and storage period [16] . The value of E 1 (at t ¼ 0:1) may be correlated to the hardness of the cheese. Thus, decrease in fat content leads to increase in E 1 value, which we observed from our experiment (Table III) . Elastic modulus E 2 ; E 3 and E 4 may constitute residual modulus of elasticity and hence higher their values indicate more viscoelastic solid in nature. Thus low fat cheese posses more viscoelastic solid nature than that high fat cheese. If the number of elements in the Maxwell model is increased, the prediction of data may be accurate but at the same time the interpretation of such data precisely would be much difficult.
Effect of Moisture
As the moisture content of the Cheddar cheese increased, the modulus of elasticity of cheese decreased significantly ( Figure 6 ). The value of S 1 decreased significantly with increase in moisture content (Table IV) indicating that increasing moisture content of the cheese decreases the hardness or strength of the cheese. The elastic modulus S 2 of 62.4% MNFP Cheddar cheese at 40 C was 0 kPa compared to 36.9 kPa of 58.1% MNFP Cheddar cheese at same temperature.
This indicates that high moisture cheese is more (Table IV) , which indicates 62.4% MNFP moisture cheese was softer than 58.1% MNFP moisture cheese. E 2 , E 3 and E 4 of high moisture were low compared to normal cheese indicating that high moisture cheeses posses more viscoelastic liquid in nature than normal moisture cheese.
Effect of Temperature
Increase in temperature resulted in decrease in elastic properties of all the cheeses. A typical example is shown in Figure 7 . This indicated that due to melting of fat globules in cheese the elastic property decreases. The values of the viscoelastic parameters at different temperature of different fat content Cheddar cheese calculated from Peleg and eight-element Maxwell models are shown in Table II through IV. Elastic modulus S 1 decreased, as cheese temperature was increased. From S 2 value of 45.6% FDM cheese, it can be noted that the cheese is more viscoelastic liquid in nature at ztemperature greater than 50 C. But when B of 50 C was compared with 60 C, the value of B decreased drastically, which indicated that cheese at 60 C was more viscoelastic liquid in nature and hence relaxed faster. Similar trend was observed for other Cheddar cheeses of different fat content, but B was not significantly different indicating the presence of residual stresses. The viscoelastic parameters of different moisture Cheddar cheese showed a similar trend at different temperature. Visser [17] suggested that stiffness of cheese could be related to its fat content and that at high temperature stiffness of cheese decreased with amount of fat due to melting of milk fat.
Effect of Aging
Viscoelastic parameters of different Cheddar Cheeses during aging calculated using Peleg model (S 1 ; S 2 and B) and eight-element Maxwell model (E 1 ; E 2 ; E 3 and E 4 ) are shown in Tables V and VI. The % soluble protein formed due to aging increased significantly regardless of the fat levels as shown in Figure 2 . The value of S 1 decreased during aging of cheese. This effect was profound for reduced fat cheese (37.3, 28.4 and 15.3% fat cheese) at 40 C. The value of S 1 for 45.6% FDM Cheddar cheeses due to aging was not significant at this temperature. At 60 C, all level of fat content cheeses showed significant decrease in S 1 value and this effect was profound for low (Table VII) . The value of S 2 decreased significantly in low fat cheeses (28.4 and 15.3%-fat) at all the temperature indicating that they become more viscoelastic liquid in nature due to aging. During aging, E 1 value decreased which means that hardness or strength of cheese decreases due to aging of cheese. E 2 ; E 3 and E 4 values indicates that cheese become more viscoelastic liquid in nature due to aging of cheese. Different moisture cheeses showed similar trend due to aging. This represents weakening of protein matrix due to aging. 
